NM 87102 (Perez and Altenbach). Perez is now at Us Bureau of Reclamation, 555 Broadway NE, suite 100, Albuquerque, NM 87102. Altenbach is now at 525 shirk LN sW, Albuquerque, NM 87105.
Hatcheries are now commonly used as conservation and management tools for threatened and endangered fish (e.g., Flagg et al. 2004; O'Reilly and Doyle 2007; Fraser 2008) . Most importantly, hatcheries can provide vital supplementary stock to bolster census sizes of wild populations and ostensibly enhance species' recovery. Supplemental stocking is necessary when the natural environment lacks sufficient resources to fully support reproduction, recruitment, and growth of wild fish at self-sustaining densities (e.g., US Fish and Wildlife Service 2009), or when natural or anthropogenic disturbance extirpates wild fish completely from an otherwise suitable natural habitat. Hatchery stocks are somewhat immune to vagaries and fluctuations of the natural environment and so provide a measure of insurance against extinction from catastrophic disturbance in the wild for critically endangered fish. On the down side, supplemental stocking from hatcheries can severely decrease genetic diversity of wild stocks under certain circumstances (Ryman and Laikre 1991; Ryman 1994; Tessier et al. 1997; Christie et al. 2012 ; but see Gow et al. 2011) . Moreover, fish produced in hatcheries can suffer reduced survival and reproduction compared to wild fish (e.g., Dowling et al. 1996; Araki et al. 2007; Thériault et al. 2011 ) because of hatchery-imposed (domestication) selection and/or relaxation of natural selection pressures in the wild (e.g., Bryant and Reed 1999; Waples 1999 ). Concerns about hatcheries as a recovery tool thus revolve around their potential to diminish chances of long-term persistence by negatively impacting genetic diversity and mean fitness of the species.
To mitigate negative genetic effects, conservation hatchery goals and benchmarks have evolved considerably from initial focus on simply meeting production quotas to development of breeding protocols that maximize genetic diversity in progeny (e.g., Ballou 1984; Koljonen et al. 2002; Russello and Amato 2004) . Some hatchery programs have even adopted measures such as naturalized spawning and rearing so as to attempt to ameliorate domestication selection and other selective effects (e.g., Gruenthal et al. 2012 ). Many of these developments are motivated by genetic theory that can, in principle, be universally applied across species (Hedrick 1992) . However, breeding and rearing protocols must also be based on the life history and reproductive biology of the focal species in order to be successful. Most practical knowledge of endangered fish breeding and rearing is based on extensive data that have been gathered for trout and salmon (family Salmonidae) for well over a century. Comparatively little data are available for other fish, including members of the family Cyprinidae. Fish in this group have a broad range of life histories and reproductive features. This family is the most evolutionarily diverse and among the most imperiled groups of freshwater fish in North America (Jelks et al. 2008 ). There are captive breeding programs for some of these species, including the Rio Grande Silvery Minnow, Hybognathus amarus.
Unlike salmonids, most cyprinids, including Rio Grande Silvery Minnow, mature rapidly at small body size. Small body size (<100 mm total length) imposes limits to the kinds of captive breeding protocols that can be effectively implemented in the hatchery. For example, stripping males and female of gametes is very difficult to do successfully (Moore 1944; Bottrell et al. 1964; Platania and Altenbach 1998 ; but see Fisch et al. 2013) , which limits the potential to employ designs that are frequently implemented for larger-bodied species (e.g., a complete factorial design). On the other hand, the reproductive biology of Rio Grande Silvery Minnow permits effective communal spawning in the hatchery, but it is unknown whether this breeding strategy leads to unacceptably high levels of variance in reproductive success among spawners that could limit diversity of progeny (e.g., Frost et al. 2006; Herlin et al. 2008 ). This underscores the premise that knowledge of life history and reproductive biology of the focal species is essential to choose hatchery practices that simultaneously meet production and conservation goals.
The focal species in this study, Rio Grande Silvery Minnow, was listed as endangered in 1994 due to dramatic declines in abundance and extirpation from the majority of its former range (Bestgen and Platania 1991 ; US Department of the Interior 1994). Historically, the Rio Grande Silvery Minnow was found in the Pecos River in New Mexico and Texas, the Rio Grande in New Mexico and Texas, and the Federal Republic of Mexico. The species is now restricted to a ~280-km stretch of the Rio Grande mainstem from downstream of Cochiti Dam to the headwaters of Elephant Butte reservoir, New Mexico. Six years after species' listing in the Federal Register, refuge populations and an experimental captive propagation was established. Beginning in 2003, a fullscale supportive breeding program was implemented that, to date, has released over a million fish to the Middle Rio Grande in New Mexico (US Fish and Wildlife Service 2009). In 2008, the species was reintroduced into the Rio Grande at Big Bend National Park with progeny from captive stocks. Several hundred thousand fish have been released annually since then.
When Rio Grande Silvery Minnow spawn, both sexes broadcast gametes into the water column. Spawning is synchronous and apparently cued by high-flow events associated with spring snowmelt runoff and rainstorm events, which increase turbidity in the river. High turbidity (which results in low visibility) makes direct observations of breeding behavior in the wild difficult; however, laboratory observations have been conducted (Platania and Altenbach 1998) . Briefly, breeding for this species involves pursuit of a female by a male. The male nudges her abdominal region and, when she is ready to spawn, the male wraps himself around the female's midsection. Eggs and sperm are then simultaneously released. The non-adhesive, semi-buoyant eggs absorb water and expand. Multiple spawning episodes with an interval of at least 10 minutes have been reported (Platania and Altenbach 1998) . Based on the knowledge of breeding behavior in other broadcast spawners in which temporal and spatial aggregations of adults form during spawning, it is likely that groups of Rio Grande Silvery Minnow adults come together in the wild during these high-flow events (Osborne et al. 2006) . Aggregation facilitates concentration of gametes in the water column and hence increases fertilization rates (Pennington 1985; Oliver and Babcock 1992; Hedgecock 1994) . In captivity, Rio Grande Silvery Minnow have been induced to spawn by increasing both flow and turbidity, rather than by injection of carp pituitary extract (CPE).
The aim of this study was to evaluate levels of genetic diversity of progeny from three breeding strategies used at the Albuquerque Biopark including 1) hormone-induced communal spawning, 2) environmentally cued (flow, temperature, and turbidity) communal spawning, and 3) pairwise (monogamous) mating. Levels of genetic diversity and productivity (number of eggs and viability) among breeding designs were compared to help establish the most practical (in terms of the number of crosses) and beneficial hatchery practices that could simultaneously meet production goals and maintain target levels of genetic diversity in progeny.
Materials and Methods

Breeding trials
Broodstock for this study was collected as young-of-theyear (YOY) from the Isleta reach of the Middle Rio Grande, New Mexico, in 2005 as part of ongoing recovery efforts for the species (details regarding the study area are provided in Osborne et al. 2012) . These fish were reared to adulthood at the Albuquerque Biological Park. Ten males and ten females were selected at random from this pool of potential breeders for each of three trials and three spawning treatments per trial, for a total of 180 adults used in the entire experiment (Figure 1 ). Each trial consisted of three breeding strategies: monogamous mating (MM), hormone-induced communal spawn (HICS), and environmentally cued communal spawn (ECCS), and three replicates of each strategy were conducted. Breeding strategies within a trial were conducted on the same day For each MM and HICS, fish were anesthetized in a bath of MS-222 (0.1 g per 3 L of water). Anesthetized fish received an intraperitoneal injection of CPE (0.01g/5 mL) at the base of one pelvic fin using a 1-cc insulin syringe. Once injected, the fish were returned to a freshwater bath to recover from the anesthesia and were then placed into spawning aquaria. Percent viability of each trial and replicate was estimated by randomly netting a total of 100 eggs from the hatching tank 24 hours post-fertilization. These were placed in a petri dish and the number of fertilized and unfertilized eggs determined based on visual inspection of the eggs. The fertilized eggs have a clear chorion and a distinct white blastula, whereas unfertilized eggs or unviable eggs are cloudy throughout and have no distinct nucleus.
MM
For each MM trial, 10 pairs of Rio Grande Silvery Minnow were placed in separate 378.5-L rectangular aquaria after injection with CPE. Adults and eggs were removed from the spawning aquaria after spawning was complete. The number of eggs was estimated volumetrically (Hunter et al. 1985) and were then moved to a 378.5-L hatching aquaria.
HICS
For each HICS trial, 10 males and 10 females were injected with CPE and placed in 4269-L circular tanks. All other methods were the same as the MM. MM and HICS trials were conducted indoors.
ECCS
For each trial, 10 males and 10 females were moved from a holding system to an 847-cm diameter outdoor raceway with a depth of 30 cm, an average width of 58 cm, and a volume of 5440 L. Initial turbidity was 7 NTU (nephelometric turbidity units). To induce spawning, this was increased to 231 NTU. Over the course of the trial, turbidity declined to 120 NTU and averaged 155 NTU. Average flow in the raceway was 0.339 meters per second. Eggs were collected using a specially constructed screened collection box (8″ × 8″ × 36″) that was designed to permit eggs but exclude fish.
Sampling and Molecular Methods
Parents for each trial and replicate were fin-clipped after spawning. For MM, progeny of 10 pairs were pooled prior to sampling. Fifty larval fish from each treatment and replicate were collected approximately 1 week after hatching. All samples were stored in 95% ethanol. DNA was extracted from air-dried fin clips using proteinase-K digestion and organic extraction methods (Hillis et al. 1996) . Each whole larval fish was placed in 1.5 mL Eppendorf tube with 50 µL of sterile water and pulverized using a plastic pestle. One in 10 µL dilutions was made using this mixture. This extract was used as a template for PCR. Individuals were genotyped at nine microsatellite loci using the methods described in Osborne et al. (2012) . Electrophoresis was conducted on an ABI377 automated sequencer and fragments sized using Genscan software.
Data Analysis-Genetic Diversity
Microsatellite data were checked for errors using Microsatellite Toolkit (add-in for Microsoft Excel, written by S. Park, available at http://animalgenomics.ucd.ie/sdepark/ ms-toolkit/). Nei's unbiased genetic diversity (H e ) (Nei 1987) , observed heterozygosity (H o ), and allele frequencies were obtained using this program. The computer program MicroChecker (van Oosterhout et al. 2004 ) was used to examine the data for scoring errors due to stuttering, large allele dropout, and the presence of null alleles. We used the EM algorithm to estimate the frequency of null alleles at each locus as implemented in GENEPOP (Dempster et al. 1977; Hartl and Clark 1989; Kalinowski and Taper 2006) . For each microsatellite locus and population, allelic richness (A R ), total number of alleles, and inbreeding coefficients (F IS ) were obtained using FSTAT version 2.9.3.1 (Goudet 1995) . Global tests for linkage disequilibrium (non-random association of loci) were conducted for all pairs of loci using this program. Allelic richness was calculated using the methods described in Petit et al. (1998) . The computer package ARLEQUIN (Schneider et al. 2000) was used to assess whether there were significant departures from Hardy-Weinberg equilibrium using the procedure of Guo and Thompson (1992) . Bonferroni (Rice 1989 ) correction was applied to account for multiple simultaneous tests. We compared measures of genetic diversity (including genetic effective size) and productivity (number of eggs and viability) for the broodstock and progeny of each design using a oneway ANOVA as implemented in SigmaPlot version 11.0. Two-tailed t-tests were conducted to ascertain differences in diversity metrics between broodstock and progeny within each breeding design. Diversity metrics were also recalculated with the removal of two loci with consistent departures from HWE and relatively high frequencies of null alleles (Supplementary Table S1 ). Likewise, comparisons of diversity metrics between broodstock and progeny (via t-test as above) and among breeding designs (AMOVA) were also conducted after dropping these loci.
Parentage/Sibship Analysis
The computer program COLONY version 2.0 (Jones and Wang 2009 ) was employed to jointly infer parentage and sibship for each replicate and breeding trial. COLONY implements full-pedigree likelihood methods and considers the likelihood over the entire pedigree configuration, rather than for pairs of individuals (dyads) (Jones and Wang 2009 ). Three runs were conducted for each replicate of each mating design to determine the number of mates per individual, number of offspring per parent, and to estimate effective size (N e(SA) ) (Wang 2009 ). For this analysis, input parameters were: both sexes polygamous (for HICS and ECCS) or monogamous (MM), no inbreeding, marker error rate of 0.05 (rather than the default 0.01), and full-likelihood analysis. No sibship prior was used, and allele frequencies were updated by accounting for inferred relationships. We determined that short runs were sufficient to converge on the most likely ML configuration by conducting replicate three runs but specifying different random number seeds. Replicates produced almost identical results, indicating convergence even with short runs (Wang 2009 ). The best configuration (as indicated by the highest likelihood score) was used to determine the number of offspring produced by broodstock and the number of mates. Using the COLONY results, we examined whether there was a correlation between the number of mates and reproductive success using ordinary least-squares linear regression conducted in SigmaPlot version 11.0 (Systat Software).
Genetic Effective Size
Genetic effective size was estimated using two methods: 1) the temporal method (N eV ) and 2) sibship assignment method (N e(SA) ) (Wang 2009) . N eV and 95% confidence intervals (CIs) were estimated from temporal changes in microsatellite allele frequencies at nine microsatellite loci across year classes (parental to progeny generation), assuming sampling plan I according to Waples (1989; Equation 12 ). Confidence intervals were calculated using Equation 15 in Waples (1989) . We also used the reduced microsatellite dataset (described above); however, this resulted in estimates of infinity in all cases. Hence we only report the estimates from the full dataset. Previously, we have shown that excluding loci that departed consistently from HWE when estimating N e has little effect on the estimates (Osborne et al. 2012) . N e(SA) and 95% CIs were estimated using COLONY version 2.0 (Jones and Wang 2009), specifying a polygamous mating strategy.
Pedigree-based estimates of N e were also calculated using the estimates of family size obtained from the data using the program COLONY (Wang 2009) . Hence N e was estimated, where N e = (Nk − 2)/[k + (V k /k) − 1] with N = total number of parents, k = average family size, and V k = variance of family size (Crow and Kimura 1970; Herbinger et al. 2006) .
Results
Genetic Diversity
Microsatellite genotyping was conducted for 180 parents and 450 progeny across nine loci and three breeding designs. There were 73 departures from Hardy-Weinberg expectations from 162 comparisons (44 remained significant following Bonferroni correction). Twelve departures involved parental samples with the remainder occurring in the progeny. The loci involved were Ppro118, Ca6, Ca8, Lco1, Lco7, and Lco8, with two loci (Lco7 and Lco8) explaining more than half of the violations. Analysis with MicroChecker suggested that null alleles may be present in 17 instances involving broodstock samples and 35 instances involving progeny samples. Null allele frequencies are reported in Supplementary  Table S1 . There were 10 cases of linkage disequilibrium that were significant after Bonferroni correction for multiple comparisons. There were 19 instances of missing data for some microsatellites among broodstock despite repeated attempts at amplification. Seven microsatellites were involved: Ppro118 (n = 1), Ca6 (n = 1), Lco1 (n = 4), Lco6 (n = 3), Lco7 (n = 2), Lco8 (n = 6), and Ppro126 (n = 2). On average, 10-13% of progeny exhibited missing data across replicates of each spawning design.
There was considerable variation in the number of eggs and viability across replicates and breeding designs (Table 1) . One-way ANOVA indicated that the number of eggs produced (P = 0.094) did not differ significantly; however, percent viability was significantly different (P = 0.041) across designs, with the monogamous design having lower viability than either HICS (P = 0.048) or ECCS (P = 0.017). Viability did not differ between the communal designs (0.479). Measures of genetic diversity for broodstock and progeny did not differ significantly between designs (Table 2 ). In all designs there was a significant decline in A R from the parental to progeny generation and H o also declined in the HICS and ECCS designs (Table 2) .
Parentage/Sibship Analysis
For HICS the average number of mates per individual was 3.358 (σ = 1.570). This value was marginally lower for ECCS (2.833; σ = 1.124). From the sample of 50 eggs, the average number of offspring per individual was 6.140 (σ = 3.371) for MM, 6.583 (σ = 3.870) for HICS, and 6.619 (σ = 3.230) for ECCS (Figure 2) . Inclusion probabilities for full-sib families were high in almost all cases (except three instances where probabilities were less than 80% across all replicates and designs). For parentage assignments, probabilities were typically high in communal spawning trails (HICS: one case of a probability less than 80%; ECCS: 13 progeny with probabilities less than 80% for determination of parentage, the majority involving a single broodstock individual, and all probabilities greatly exceeded the alternatives). Probabilities of maternity and paternity for the monogamous design were lower, but inferred relationships were fairly consistent across multiple runs (MM1: 13 progeny could only be unambiguously assigned one parent; MM2: probabilities of parentage assignment for 15 progeny were <70% involving four broodstock; MM3: 18 progeny accuracy of parentage assignment was <70% involving four broodstock). There was a positive relationship between the number of mates and the number of offspring produced (HICS: r 2 = 0.676, P < 0.001; ECCS: r 2 = 0.454, P < 0.001).
Effective Population Size
Variance effective size (N eV ) was estimated between the parent and progeny generations. Effective size measured in this way gives an estimate of N e for the parental population (Waples 2005) . For MM, N eV (harmonic mean across replicates) was 15; for HICS, average N eV was 23; and for ECCS, N eV was 19 (Table 3) . Estimates of N e obtained using sibship assignment ranged from 13 to 17. The harmonic mean of effective size estimated using the pedigree-based estimate was 17 for all breeding designs. One-way ANOVA revealed that estimates of N e did not differ significantly among mating designs (pedigree-based N e : P = 0.983; N eV : P = 0.295; N e(SA) : P = 0.264).
Discussion
Captive breeding, rearing, and release of hatchery fish to supplement wild stocks are critical components of efforts to prevent extinction and recover many species with diverse breeding and rearing ecologies. The Rio Grande Silvery Minnow, for example, is a small-bodied (<100 mm standard length), pelagic spawner with different breeding behavior than salmonids and other commonly cultured fish. The hatchery program for this species has two goals: 1) production of sufficient numbers of minnows to effectively supplement the wild population in the Rio Grande in New Mexico and to support the reintroduced population in Big Bend (Texas), and 2) to maximize genetic diversity of captive stocks such that it is reflective of the wild population (US Fish and Wildlife Service 2009). This study addresses the latter goal (although data on progeny production and viability were also collected) and was designed to examine whether genetic composition of progeny differed among the three captive spawning designs employed for this species: MM, HICS, and ECCS.
Genetic Diversity
Genetic diversity in progeny and effective size did not differ significantly among breeding treatments, likely because variance in reproductive success occurred in all designs (see below). For all breeding designs, genetic diversity (H e , H O , and A R ) declined between the parental and progeny generations. Allelic richness declined the most in all designs, although this may be a sampling artifact whereby rare alleles may not have been represented in our sample of 50 progeny. Specifically, although this collection of progeny was a subsample of a much large number of larvae produced (in thousands), it is possible that not all parental contributions are represented in this sample. Hence, it is not unexpected that A R is lower in the progeny sample. Results from COLONY suggested variance in reproductive success among individuals regardless of the breeding design. Three replicates had high variance in reproductive output, one in each different spawning design. For example, in the HICS, there was one instance of an individual contributing to 32% of the sampled offspring. Similarly, for the ECCS, a single parent contributed to 28% of offspring. We expected that variance in reproductive success would be minimal in the MM design, thereby maximizing allelic diversity and heterozygosity. However, even in MM design, variance in the proportion of eggs that are fertilized can be high due to factors including sperm availability, which may be determined by the distance to the female (when released), abundance of sperm, and behavior of the male. Variance may also be affected by egg and sperm traits and other traits that affect compatibility of mates. The presence of variance in reproductive success in all mating designs likely explains why genetic diversity does not differ between mating designs and why diversity is reduced compared to that of the parental broodstock. In fact, estimates of N e(SA) were less than the total number of broodstock used in the matings.
Viability and Fecundity
Our results suggest a tradeoff of productivity and quality of fish produced using the monogamous design. Viability of eggs produced using this design was significantly lower than in the communal spawning experiments. Reduced viability of offspring may result because MM precludes active mate choice. Mating in the wild is probably not random, as individuals compete for access to mating partners (Andersson 1994 ). Although we do not have specific information on mate choice in Rio Grande Silvery Minnow, it has been shown to occur in other broadcast spawning species, such as cod (Hutchings et al. 1999) . Mate choice plays an important role in maximizing genetic diversity in genes involved with immunity (e.g., Milinski and Bakker 1990; Pen and Potts 1999; Reusch et al. 2001; Milinski 2003; Milinski et al. 2005) . Additionally, breeding designs that facilitate mate choice can positively affect growth and viability of offspring. For example, offspring growth rates are higher in guppy (Poecilia reticulata) and pipefish (Syngnathus typhle) when produced by mating of females with preferred males (Reynolds and Gross 1992; Sandvik et al. 2000) . For other pelagic spawners, offspring survival and escape behavior are increased compared to those produced by random mating. For example, in whitefish and cod, offspring survival may increase from 12% to 74%, respectively, when compared to mating situations where mate choice is precluded or limited (Wedekind et al. 2001; Rudolfsen et al. 2005) . Taken together, these studies and our results suggest that elimination of mate choice in captive populations of Rio Grande Silvery Minnow (as would occur in the monogamous design) could have adverse consequences for growth rates and viability of progeny. Recently, Gruenthal and Drawbridge (2012) showed that communal spawning in the hatchery could be used effectively in largerbodied pelagic broadcast spawning species. Differences in fecundity between monogamous and communal spawning could also be caused by disruptions to behaviors during the pre-spawning period leading to physiological disruptions during the final stages of gamete maturation and during spawning where, for example, gametes from one male may be insufficient to fertilize all eggs released by a female. The results presented here suggest that communal spawning can also be used effectively (in terms of achieving high viability and equivalent levels of diversity to a MM) in small-bodied, pelagic broadcast spawning species. However, if the tight link between the wild and captive populations were broken, for example in the case of a catastrophic population crash in the wild leading to a supportive breeding program that is more hatchery focused, then a marker-assisted breeding program (e.g., Doyle et al. 2001; Kozfkay et al. 2008; Fisch et al. 2012) would likely be warranted to minimize relatedness among breeding individuals.
Breeding Strategy and Variance in Reproductive Success in Rio Grande Silvery Minnow
Results of parentage/sibship analysis indicated that most individuals spawned with multiple partners and further suggested that the most likely breeding system in Rio Grande Silvery Minnow is polygamy. If groups of individuals come together to spawn, it is plausible that eggs are fertilized by sperm from multiple males that are in close proximity to the female. Specifically, likelihood analysis of genetic data (via COLONY) indicated that Rio Grande Silvery Minnow mated with an average of three individuals. Polygamy is also present in other broadcast spawning species, such as cod and lake sturgeon (e.g., Bruch and Binkowski 2002) . In cod, mates pair up and release gametes into the water column, but the couple is often joined by satellite males, which swim among the eggs where they release sperm (Rowe et al. 2004) . Multiple matings of this type increase the number of different genetic combinations in the offspring and may affect N e if one male/ female fails to contribute. In a monogamous situation, the contribution of his/her partner is also nullified. In contrast, with multiple matings, the consequences are spread more evenly. Interestingly, we found, on average, that multiple mated individuals produced a greater number of offspring. In Atlantic salmon, a positive correlation was identified between numbers of mates and realized reproductive success of females (Garant et al. 2001) . Several genetic benefits of multiple mating by females have been suggested, including acquisition of good genes and maximization of genetic diversity within clutches (reviewed in Jennions and Petrie 2000) . Petrie and Kempenaers (1998) hypothesized that where environmental conditions are unstable, good genes for the next generation may not persist, so females may increase their chances of acquiring good genes by mating with multiple males. In addition, maximizing diversity within a clutch may reduce the potential costs of inbreeding (Stockley et al. 1993 ) and may compensate for deleterious effects of genetic incompatibility between mates (Tregenza and Wedell 1998) .
Caveats
In several cases, alleles were identified in parents that were not detected in progeny. The reverse was also true, whereby alleles were seen in the progeny but were not detected in the broodstock. The presence of alleles in broodstock but not progeny may be caused by sampling error in which rare alleles in the broodstock can be difficult to detect by sampling only 50 individuals. For multiplex PCRs that amplify both small and large microsatellites, dropout of the largest allele can occur. In this study, PCR and screening were repeated for individuals that were homozygous at locus Ppro118 to reduce the possible impact of dropout. Samples with anomalous alleles were also rescreened to eliminate the possibility of PCR and electrophoresis errors, scoring or recording errors. As all broodstock were sampled, possible explanations for presence of alleles in the progeny but failure to be detected in the broodstock include 1) missing parental genotypes, 2) null alleles in the broodstock, 3) allelic dropout, 4) scoring errors, 5) de novo mutations. Missing parental genotypes explain eight observations compared to 469 cases of missing genotypes in the progeny generation. Microsatellites have high mutation rates, so de novo mutations may explain a few of the remaining cases. In a study of genetic parentage in the catfish, two de novo mutations were observed from 2,450 gametes (Tatarenkov et al. 2006) . For some of the microsatellites we employed, particularly Lco6 and Lco7, there was a high PCR failure rate, especially for MM replicate number two. The high rate of missing data for this group of progeny suggests that these fish may have been very small when they were sampled and thus had small quantities of DNA, making amplification difficult. Interestingly this sample (monogamous replicate 1) also had a high number of unviable eggs (~80%).
Goals of the Rio Grande Silvery Minnow Captive Propagation Program
One of the main goals of the captive propagation program for Rio Grande Silvery Minnow is to maximize diversity in the captive stocks and to prevent losses of diversity in the wild population through augmentation (e.g., via a Ryman-Laikre effect; Ryman and Laikre 1991) . We have shown previously that the program is achieving these goals on a broad scale. Despite severe fluctuations in wild population sizes, genetic diversity has been retained and even increased in the wild over the last decade (Osborne et al. 2012 ). Maintenance of a strong connection between the wild population and the captive stock has been a high priority (US Fish and Wildlife Service 2009). For example, fish reared from wild-caught eggs are a priority for stocking the wild population and for incorporation into the captive broodstock. Also, there has been a focus on attempting to design breeding protocols that recognize the mode of reproduction of Rio Grande Silvery Minnow, particularly at the Albuquerque Biological Park. The results presented above suggest that, under the tested conditions, genetic diversity was maintained in the progeny produced using communal spawning designs (which permits mate choice and multiple matings) at levels similar to those achieved with a monogamous design. Given this result, we suggest that communal spawning be incorporated into the breeding plan for Rio Grande Silvery Minnow.
Conclusions
Although this study was limited to three replicates of each breeding design and our progeny sample sizes were relatively small, it does provide some insight into genetic and other potential impacts of the different breeding designs. When designing captive breeding programs for endangered species, it is important to consider the life history and the reproductive biology of the species. Here, we have shown that Rio Grande Silvery Minnow is likely a polygamous communal spawning species. We have also shown that spawning groups of individuals (hormone-induced and environmentally-cued) does not cause a reduction in diversity when compared to the monogamous designs, at least over a single generation, nor are there significant difference in effective size between designs (although we are cognizant that our estimates of N e apply to enumeration of offspring at a very early life stage, so they are not necessarily indicative of results across an entire life cycle). Communal spawning also appears to maximize viability of eggs. However, communal spawning (with equalized sex ratios) should still be used with caution as observations suggest that as the breeding season progresses fewer individuals contribute (Ulibarri M, personal communication). For this reason, it may be advisable to use communal spawning early in the breeding season to maximize contribution of individuals and switch to paired matings as the breeding season progresses. Other benefits of communal spawning schemes include the ability to include more breeders as compared to the number of paired matings that can realistically be conducted in the short breeding period of Rio Grande Silvery Minnow and in the space available.
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